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In  accordance  with  the  reporting  requirements  of  Contract  A F  33(657) 
-12146,  the  following  summary  technical  report  is  presented.  The 
final  report  covers  all  work  accomplished  from  25  January  19t>3  through 
31  January  19^4. 

In  order  to  provide  a  report  which  can  be  more  easily  handled,  and 
to  meet  the  requirements  that  the  materials  section  be  "detachable" 
and  that  Froposal  Section  V  be  a  separable  and  distinct  part,  the 
final  summary  report  has  been  divided  into  It  volumes  as  follows: 
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OBJECT 


This  report  is  the  Final  Summary  Technical  report  on  the  CY  1963  Ramjet 
Technology  Program  and  is  submitted  in  partial  fulfillment  of  the  reporting 
requirements  as  set  forth  by  Contract  AF  33(657)-12l46.  This  report  pre¬ 
sents  a  technical  summary  of  the  work  accomplished  during  the  period  25 
January  1963  through  31  January  1964. 


SUMMARY 


The  goal  of  the  HIGH  TEMPERATURE  COATED  TUNGSTEN  STRUCTURES  PROGRAM  was 
to  develop  methods  of  protecting  tungsten  substrates,  in  oxidizing  environ¬ 
ments,  to  temperatures  in  excess  of  3^60#R.  During  the  year,  material 
systems  of  binary,  ternary,  and  quaternary  alloys  were  cynthesized  in  an 
arc-melting  furnace  and  then  screened  for  oxidation  resistance  using  an 
oxy-acetylene  torch.  This  resulted  in  the  development  of  a  binary  hafnium- 
tantalum  alloy  that  withstood  temperatures  well  above  3460*R,  under  oxi¬ 
dizing  conditions.  The  oxide  grown  from  the  base  alloy  was  well-bonded, 
thermal  shock  resistant,  and  dense.  A  feasibility  study  on  the  coating 
of  the  test  specimens  was  accomplished  by  plasma-arc  spraying  and  slurry 
coating  the  alloy  powders  onto  tungsten  and  90  percent  tantalum-10  percent 
tungsten  substrates  of  various  configurations.  This  work  has  demonstrated 
the  feasibility  of  utilizing  this  very  promising  material  system  as  a 
coating  for  oxidation  protective  refractory  metals. 


INTRODUCTION 


The  CY  1963  Ramjet  Technology  Program  was  directed  toward  a  comprehensive 
program  of  air-breathing  propTHsion  research  which  was  aimed  at  providing 
the  foundation  upon  which  future  engine  development  programs  may  be  esta¬ 
blished.  This  program  was  slanted  strongly  toward  examination  of  a  number 
of  promising  new  engine  concepts  while  still  providing  a  well-balanced 
program  of  applied  research  in  technological  areas  related  to  air-breathing 
propulsion.  This  program  was  an  extension  and  continuation  of  the  Advanced 
Atmosphere-Breathing  Engines  and  Components  Program  conducted  under  the 
CY  1962  Air  Force-Marquardt  Contributing  Engineering  Program,  (Contract 
AF  33 (600) -40809). 
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II  A04MIA 


HVIII.  HIGH  TEMPERATURE  COATED  TPNOSTEN  STRPCTPRES 

Tungsten  ia  the  moat  refractory  metal  known  to  date  and  is  of 
major  intereat  aa  a  high  temperature  atructural  material  due  to  ita  auperior 
strength/weight  ratio  at  elevated  temperaturea.  Prime  utilization  of 
tungaten  liee  in  auch  applicationa  aa  re-entry  cones,  leading  edges,  throat 
inaerta,  nozzles  etc.  on  propulaion  devices  auch  aa  aolid  and  liquid  fueled 
rockets,  nuclear  systems,  and  ramjeta.  However,  the  application  of  tungaten 
aa  a  high  temperature  atructural  material  in  oxidizing  environmenta  criti¬ 
cally  dependa  on  protection  of  the  aurface  from  catastrophic  oxidation. 
Oxidation  of  tungaten  in  air  begins  to  be  appreciable  above  1060°R  and  the 
rate  increases  with  temperature  to  about  2260*R.  At  this  point  degradation 
sharply  increases  due  to  the  volatilization  of  the  tungaten  oxide.  Concurrent 
with  the  volatilization  ia  the  internal  scaling  and  contamination  associated 
with  diffusion  or  penetration  of  oxygen  into  the  metal. 

Various  coatings  have  been  developed  to  protect  the  tungsten 
from  the  oxygen  attack.  Silicide  coatings  are  probably  at  present  the 
most  successful  of  those  developed,  particularly  the  tungsten  diailicide. 
However,  as  with  all  silicide  base  coatings,  the  temperature  limit  is  about 
4060*R  or  lower  and  this  is  approximately  the  temperature  range  at  which 
tungaten  becomes  attractive  as  a  structural  substrate. 

The  most  promising  means  for  providing  high  temperature  oxida¬ 
tion  protection  for  tungaten  appears  to  be  the  formulation  of  alloys  or 
intermetallic  compounds  which  are  refractory,  chemically  and  metallurgi- 
cally  compatible  with  tungsten  and  form  slow  growing,  dense  and  adherent 
oxides.  Such  has  been  the  objective  of  this  program:  to  develop  through 
the  study  of  a  number  of  binary,  ternary,  and  quaternary  alloy  and  inter- 
metellies,  a  material  which  oxidizes  slowly  to  fora  complex  oxides  capable 
of  protecting  tungsten  aubstrctes  in  high  temperature  oxidizing  environ¬ 
ments. 


A.  Analytical  Studies 

The  initial  effort  on  the  program  was  to  survey  the  litera¬ 
ture  and  make  a  study  of  thermodynamic  and  kinetic  data  on  the  oxidation 
of  puxe  metals,  alloys,  and  intermetallic  systems.  Primarily,  an  evaluation 
was  made  of  the  thermal  stability  of  the  oxidation  products  of  these  systems 
and  the  characteristics  of  the  simple  and  complex  oxides  formed.  Aa  ramjet 
system  components  are  best  served  by  non-ablative  materials,  the  hardware 
involved  under  the  imposed  environmental  conditions  must  be  capable  of 
producing  a  slow  growing,  adherent,  and  stable  oxide;  consequently  it  is 
a  prime  requirement  that  all  of  the  components  of  the  system  should  be 
refractory.  This  requirement  alone  severely  limited  the  number  of  available 
materials  from  which  a  system  could  be  designed.  Although  the  basis  of 
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the  material  system  for  this  program  (hafnium)  was  derived  analytically, 
it  is  quite  obvious  that  the  available  materials  forming  very  high  melting 
oxides  are  few.  fhoria,  hafnia,  zirconia  and  beryllia  are  actually  the 
only  four  refractory  oxides  which  presently  show  sufficient  stability  to 
be  considered  as  candidste  materials.  Of  these,  thoria  is  radioactive  and 
beryllia  is  markedly  toxic;  therefore,  the  basis  for  a  system  seems  likely 
to  be  zirconia  or  halnia.  Of  these  two,  hafnia  presents  the  most  attrac- 
tive  properties,  particularly  from  a  thermal  stability  standpoint.  The 
phase  transformation  of  hafnia  from  monoclinic  to  tetragonal  involves  a 
3.4  volume  percent  change  versus  a  7.5  volume  percent  change  for  zirconia. 
Hafnium  also  exhibits  a  higher  melting  point  both  as  a  metal  and  as  an 
oxide,  lower  vapor  pressure,  and  a  lower  diffusion  controlled  oxidation 
mechanism  than  zirconium. 

Other  oxide  forms,  aowever,  are  not  to  be  discounted.  Ceria, 
yttria,  and  chromia  have  proved  beneficial  as  minor  additions  to  materials 
systems.  Yttria,  for  example,  has  been  found  to  materially  increase  the 
oxidation  resistance  of  many  alloy  systems. 

Since  oxidation  of  the  elemental  metals  and  the  formation 
of  uieir  respective  simple  oxides  is  characterized  by  excessive  oxidation 
rutes,  porosity,  and  breakaway  failure  modes,  it  is  apparent  that  the 
oxi ieo  must  bo  modified  to  provide  improved  oxidation  characteristics. 

This  muy  be  accomplished  through  fillers  such  as  introducing  metals  into 
tho  o  .ide  of  another  metal.  These  additive  metals  are  preferably  glass 
formers  or  coraoinations  of  glass  formers.  Although  the  use  of  a  glassy 
oxide  iu  leas  than  ideal  for  a  protective  system  due  to  brittleness,  it 
ij,  at  tho  present  state  of  coating  technology,  about  the  only  method  of 
forming  a  soiid  (or  viscous),  inert,  ar.d  impermeable  barrier  to  oxygen. 

Aa  with  the  refractory  oxides  previously  mentioned,  there  are  only  about 
four  glass  forming  oxides  which  have  characteristics  applicable  to  a 
high  temperature  coating  system:  B20$,  Si(>2,  VgOj,  and  Ta^j.  Of  these, 
b2°3  is  °  low  melting  glass  (1531*R)  Si02,  an  intermediate  melting  gloss 
(3460°R),  V20jj  of  questionable  properties  due  to  unstable  forms,  and 
Xa205  with  probably  the  highest  stable  temperature  capability  (3910°R). 

although  many  investigators  have  discounted  tantalum  due 
to  its  linear  oxidation  rate,  it  is  still  the  most  stable  high  temperature 
gluso  forming  metal  (considering  vapor  pressure  and  melting  poirit).  From 
a  theoretical  standpoint,  a  protective  system  developed  from  the  addition 
of  hafnium  and  tantalum  oxides  should  provide  ar.  attractive  and  basically 
stable  metnod  for  protection  of  substrate  material  from  oxygen  contamina¬ 
tion.  An  added  bonus  in  the  proposed  system  is  the  possibility  of  growing 
the  dec.ired  oxide  from  a  solid  solution  alloy  of  the  elemental  aetals* 
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However,  for  the  proposed  system  and  many  other  possible 
binary,  ternary,  and  quaternary  systems,  data  were  unavailable  or  limited 
as  to  the  phase  relationships,  reaction  kinetics,  thermal  stability, 
thermal  expansion,  and  oxidation  behavior.  Each  of  these  areas  in  itself 
is  a  major  area  of  study  and  consequently  a  method  was  devised  to  experi¬ 
mentally  screen  the  materials  for  applicability. 

B.  Experimental  Investigations 
1.  Screening 

Experimental  screening  of  potential  oxidation  resistant 
systems  including  the  hafnium- tantalum  alloys  was  carried  out  using  a 
technique  of  arc-melting  test  buttons  and  oxidation  testing  the  buttons 
in  an  oxy-acetylene  torch  flame  at  temperatures  greater  than  346o°R.  The 
material  compositions  were  prepared  by  pre-mixing  the  metal  powders,  cold 
compacting  the  mixture  into  wafers,  and  arc-melting  the  wafers  into  buttons. 
By  using  this  method,  the  arc-melted  buttons  could  conveniently  be  utilized 
for  metallographic  examination,  hardness  measurements,  X-ray  diffraction 
and  most  important,  oxidation  resistance  screening.  Particular  care  was 
taken  during  melting  to  prevent  contamination  of  the  pressed  wafers.  The 
melting  chamber  was  usually  flushed  three  times  with  argon  and  the  melting 
done  at  a  pressure  of  about  ten  inches  of  mercury.  As  a  further  precaution 
against  contamination,  a  titanium  button  was  melted  first  to  "getter"  any 
possible  residual  gases  in  the  furnace.  These  precautions  were  found 
particularly  necessary  with  the  synthesis  of  hafnium- tantalum  alloys  since 
both  of  the  me  .als  are  structure  sensitive  to  embrittxement  by  elements 
such  as  oxygen  and  nitrogen.  Hardness  values  on  the  knoop  scale  increased 
40-50  percent  for  hafnium- tantalum  buttons  arc  melted  without  a  previous 
titanium  melt. 


Concurrent  with  the  derivation  of  t.  i  hafnium- tantalum 
system,  arc  melted  alloys  of  other  potential  coating  systems  were  screened 
by  oxidation  testing.  These  systems  were  based  essentially  on  the  refrac¬ 
tory  metals  with  alloying  additions  of  silicon,  boron,  yttrium,  lanthanium 
and  chromium.  However,  the  majority  of  these  systems  did  not  snow  appre¬ 
ciable  oxidation  resistance.  Tested  samples  either  ablated  during  testing, 
formed  a  very  thick  oxide,  or  spalled  on  cooling.  One  potentially  appli¬ 
cable  system  was  developed  however,  and  warranted  further  evaluation.  This 
was  a  hafnium  based  juaternary  compound  with  minor  alloying  additions  of 
silicon,  titanium  and  yttrium.  The  alloy  stood  up  well  at  476o°R  in  the 
oxy-acetylene  torcn  test  witn  a  dense,  adherent,  but  fairly  tnick  oxide 
film.  However,  further  development  of  this  material  .vas  postponed  due  to 
the  derivation  of  the  hafnium- tantalum  system  with  its  inherent  simplicity 
as  a  binary  alloy  .nd  near  terra  applicability. 
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la  the  screening  of  the  hafnium-tantalum  system,  con* 
siderable  evaluation  was  necessary  in  deteraining  the  composition  para* 
meters  for  optimum  coating  adhesion  and  oxidation  resistance.  This 
evaluation  was  concerned  primarily  with  the  effects  of  minor  or  trace 
amounts  of  various  impurities  in  the  hafnium  and  tantalum  starting  powders 
and  the  optimum  composition  of  the  hafnium- tantalum  alloy  itself.  Tantalum 
starting  powder  in  the  325-*«sh  oize  range  was  not  difficult  to  obtain  in 
constant  high  quality  lots  and  within  the  desired  purity  specifications. 
However,  hafnium  powder  that  met  purity  specifications  in  any  size  range 
was  difficult  to  obtain.  This  is  due  in  large  part  to  the  difficulty  in 
separating  hafnium  from  zirconium,  the  reactivity  of  hafnium  metal  itself, 
and  the  limited  supply  through  limited  usage.  To  determine  more  precisely 
the  effect  of  impurities  in  the  hafnium  starting  material  on  the  oxidation 
resistance  of  the  hafnium* tantalum  alloy,  various  grades  of  hafnium  metal 
powder  were  procured  from  several  vendors,  alloyed  with  tantalum,  and 
oxidation  tested.  It  was  verified  that  the  impurities  that  were  the  most 
difficult  to  remove  from  the  hafnium  poster  (Zr,  Fe,  Og,  N^)  were  the  ones 
that  most  seriously  affected  the  oxidation  characteristics  of  the  alloy. 
Zirconium,  although  very  similar  to  hafnium,  is  much  more  susceptible  to 
oxidation  and  oxygen  diffusion,  and  consequently  forms  a  much  thicker 
oxide  coating  under  the  same  teat  conditions.  The  formation  of  iron  oxide 
from  greater  than  100  ppm  of  iron  impurity  reduces  the  integrity  of  the 
oxide  coating,  leaving  it  proous  and  non*adherent.  Oxygen  and/or  nitrogen, 
in  amounts  greater  than  900-1000  ppm,  affected  the  structure,  oxidation 
kinetics,  and  physical  properties  of  the  base  alloy  and  oxide  coat,  result¬ 
ing  in  a  lower  temperature  capability  and  greatly  reduced  oxidation  resis¬ 
tance.  Unfortunately,  hafnium  starting  material,  as  supplied  by  most  of 
the  suppliers,  had  either  one  or  more  of  the  deleterious  impurities.  Con¬ 
sequently,  material  with  low  iron,  oxygen,  and  nitrogen  content  was  chosen 
as  the  best  available  material,  considering  the  profound  effects  of  these 
impurities  on  the  oxidation  characteristics  of  the  Hf-Ta  alloy.  Zirconium 
content  of  the  selected  hafnium  powder  was  approximately  3  percent. 

Typical  material  specifications  for  the  hafnium  and  tanta¬ 
lum  powder  melting  stock  are  shown  in  Table  XVIII-I. 

In  order  to  determine  the  minimum  amount  of  tantalum  neces¬ 
sary  to  provide  the  optimum  oxidation  resistance  and  integrity  of  the  oxide 
coating,  buttons  of  varying  tantalum  content  were  arc  relted  and  oxidation 
tested.  Observed  results  of  these  tests  are  shown  in  Table  XVI1I-II. 
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TABLE  XVxII-I 


HAFHIPM  AND  TANTALUM  SPECIFICATIONS 


Ueaents 

Hafniua 

kUL 

Hafniua 
Lot  #2 

Hafniua 
hsi  #3 

Tantalum 

an  tk 

Zr 

3* 

3* 

98.6%  Hf 

- 

Fe 

77 

160 

5000 

<100 

0 

830 

1500 

3500 

<1000 

H 

75 

175 

55 

200 

Ta 

200 

<200 

- 

99.55 

Cb 

<100 

150 

- 

1000 

C 

50 

90 

- 

50 

Cu 

<40 

<40 

80 

- 

Si 

<40 

<4o 

60 

300 

H 

38 

80 

- 

- 

Al 

25 

33 

95 

<10 

Cr 

<10 

<10 

830 

- 

<10 

<10 

600 

<10 

Mn 

<10 

<10 

130 

40 

Hi 

<10 

10 

100 

• 

B,  Co, 

Mo,  Pb,  Sn, 

Ti,  V,  W 

<  10  ppa  each 

Analysis  in  ppm  except  as  noted 
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TABLE  XVI I I- II 


HATH I UM-T AMT ALUM  OXIDATION  TEST  RESULTS 


Temperature 

(Optically 

Material  Uncorrected)  Time  Observations 

Hf-30Ta  4260#R  5  oin.  Temperature  brought  up  slowly.  Emissivity 

(transformation)  change  at  3510#R.  Post 
transformation  temperature  36^0°R. 

Momentary  bubbling  on  temperature  increase. 
Glossy  white  surface. 


Hf-20Ta 


Hf-15Ta 


Hf-15Ta 


Hf-12Ta 


3910°R 


3940 °R 


426o°R 


42bO°R 


3  min.  Raised  slowly  to  3910°R,  emissivity 

(transformation)  charge.  ISucen  to  4260#R. 
Bubbled  for  approximately  1  sec.,  then  no 
change.  Surface  glossy  white. 

3  min.  No  emissivity  (transformation)  change. 

Sample  gray  colored  with  thin  oxide  on 
cool  down.  (See  Figures  XVIII-1  &  XVIII-2) 

5  min.  Raised  slowly  to  4^oO°R.  Emissivity 

(transformation)  occurred  at  approximately 
3960°R.  Bubbled  momentarily  at  4l60°R. 
Surface  expanded,  porous,  and  brittle. 

5  min.  Raised  slowly  to  4260°R.  Emissivity 
(transformation)  change  not  distinct. 
Surface  spotted  with  transformed  areas. 
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Correlation  between  the  3  ?4o*B  teat  and  the  4260*R  teat 
on  the  Hf-.l3Ta  conpoeition  la  ahown  in  Figure  XVIII-3A.  The  aanple  at 
bottoa  left  ia  aa  are  Belted,  that  on  the  right  shows  the  oxide  layer  of 
the  3940*R  teat  (Figure  XVIII-2),  and  the  upper  left  above  the  4260#R  teat 
and  the  growth  of  the  poroue  an C  brittle  outer  layer.  Figure  XYIII-3B  above 
thia  transformed  area  in  perspective.  Baaed  on  the  reaulta  of  theae  teata 
the  optiaua  tantalua  content  appeara  to  lie  between  13  and  23  weight  percent. 
Thickneaa  of  the  oxide  coating  vaa  eaaentially  the  aaae  (10  to  13  aile)  on 
the  Hf-30Ta  and  Hf-13Ta  aaaplea.  Hf-13Ta  aaaplea  oxidation  teated  at  4460#R 
for  ten  ainutea  showed  aa  oxide  coating  thickneaa  of  approxiaately  20  aila. 
Although  preliainary  data  have  indicated  a  parabolic  oxidation  rate  for  the 
coating  alloy,  iaaufficient  teata  hare  been  run  to  firaly  eatabliah  the 
oxidation  rate  aa  well  aa  the  weight  change  rate. 

2.  Screening  Analysis 

Aa  noted  froa  the  previous  Hf-15Ta  oxidation  teat  data, 
an  eaissivity  change  occurred  at  approxiaately  39&0*R  optical  uncorrected 
(no  data  hare  yet  been  found  to  indicate  the  spectral  eaiasirity  of  hafnia). 
Literature  data  hare  indicated  that  the  transformation  teaperature  of 
hafnia,  grown  froa  the  Hf-13Ta  but tone,  haa  apparently  been  stabilised  to 
3960*R.  The  roluae  change  and  growth  of  the  brittle,  porous,  and  white 
outer  oxide  occurs  only  abore  thia  teaperature.  The  gray  oxygen  deficient 
sublayer  ia  apparent  ^n  all  aaaplea  and  ia  of  about  the  aaae  thickneaa 
regardless  of  the  rate  of  heatiag  (Figure  XVIII-3A).  X-ray  diffraction 
analysis  of  the  oxide  layers  haa  generally  shown  the  white  outer  oxide  to 
be  equal  phases  of  tetragonal  and  nonoclinic  or  aajor  phase  aonoclinic  and 
in te mediate  phase  tetragonal.  The  lower  gray  oxide  has  generally  boea 
shown  to  be  aajor  phase  tetragonal  and  interaediate  phase  aonoclinic  with 
the  tetragonal  crystal  structure  shifted  to  a  lower  ndN  value.  Theae  X-ray 
data  plus  the  tranaforaation  characteristics  suggest  stabilisation  of  the 
high  teaperature  tetragonal  hafnia  by  one  or  aore  forma  of  tantalua  oxide, 
probably  TaO^. 

The  ability  of  the  oxidation  teated  buttons  to  withstand 
teaperatures  above  the  aeltiag  point  of  the  alloy  ia  attributed  to  the  low 
theraal  conductivity  of  the  oxide  layer  (theraal  conductivity  hafnia  -  0.9 
Btu/hr-ft-»B  at  1960*R,  Figure  XVIII-4).  Saaples  heated  rapidly  to  4260- 
436o*R  showed  sinking  of  the  blast  face  indicating  aeltiag  of  the  interior. 
Saaples  teated  to  43oO*R  and  higher  (20  to  30  aeconda  to  teaperature)  with¬ 
stood  the  high  teaperature  with  no  deleterious  effects.  A  reaction  sons 
beneath  the  oxide  layer  ia  believed  to  be  absorbed  oxygen  (Figure  XVI I 1-3). 
Hardness  profiles  froa  the  center  outward  have  ahowa  a  hardness  increase  and 
eabrittleaent  of  the  aatrix  in  the  reaction  none.  Hardness  values  are 
similar  to  those  of  oxygen  contaminated  arc  aelted  buttons. 

Metallography  and  X-ray  diffraction  examination  of  arc 
aelted  buttons  has  substantiated  the  eutectic  separation  indicated  by  the 
tentative  hafniua- tantalua  equilibrium  diagroa,  (Figure  XVIII-6),  The 
aicrostructure  is  two-phase  (aajor  phase  hafniua  aetal  and  minor  tantalua 
aetal)  and  is  very  fine,  soaewhat  similar  to  aarteasite.  The  hafniua  is 
oriented  about  the  <10£  and  <104>  reflections. 
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C.  Fabrication  and  Testing 

Various  techniques  for  the  application  of  hafnium- tantalum 
alloys  as  coatings  for  tungsten  and  tungsten  alloy  substrates  were  screened 
for  feasibility.  The  techniques  examined  were  vapor  deposition,  slurry 
coating,  and  plasma-arc  spraying. 

1.  Vapor  Deposition 

Vapor  deposition  is  a  highly  promising  method  for  appli¬ 
cation  of  coatings  because  of  the  high  density  of  the  depositied  material. 
Since  the  life  of  the  Hf-Ta  oxidation  resistant  coating  system  is  essenti¬ 
ally  dependent  on  the  rate  of  oxygen  permeation  through  the  base  alloy  as 
veil  as  the  oxide  film,  the  method  of  application  which  produces  a  coating 
of  near  theoretical  density  is  desirable.  Of  the  two  methods  available  for 
vapor  deposition  of  the  hafnium- tantalum  alloy,  hydrogen  reduction  of  the 
mixed  chlorides  and  thermal  reduction  of  the  iodides,  the  iodide  approach 
appeared  the  moat  promising  the  the  least  complicated.  Parameters  have 
been  established  for  the  optimum  deposition  of  each  metal  separately  onto 
0.010  in.  diameter  resistance  heated  wire  in  a  bell  jar  test  apparatus. 
However,  due  to  the  differences  in  deposition  pressure,  hafnium  deposits 
best  in  vacuum  and  tantalum  deposits  best  at  atmospheric  pressure  -  codepo¬ 
sition  of  the  metals  is  yet  to  be  accomplished. 

2.  Slurry  Coating 

The  preliminary  development  of  a  Hf-Ta-Sn  slurry  has  shown 
promising  results.  The  slurry,  a  75  percent  Sn  powder-25  percent  Hf-15'Ta 
powder  in  a  nicrobraze-alcohol  liquid  vehicle  was  applied  to  the  substrates 
by  both  dipping  and  brushing.  The  coated  specimen  was  suosequently  "cured" 
by  resistance  heating  to  710-76o°R,  in  vacuum  in  a  bell  jar  apparatus. 
Following  the  curing,  the  coating  was  sintered  in  argon  at  2660°R  for  45 
minutes  at  a  pressure  of  approximately  20  in.  of  Hg.  The  narrow  portion  of 
the  specimen  in  Figure  XVIII-7  shows  the  results  of  oxy-acetylene  torch 
testing  for  approximately  4j4  minutes  at  3CG0°R  (optically  uncorrected).  The 
upper  portion  of  the  specimen  was  plasma  sprayed  with  Hf-15Ta.  Although  the 
coating  was  not  fused  and  glassy  for  maximum  protection,  the  tungsten 
substrate  snowed  nc  signs  of  deterioration.  Similar  results  were  evident  on 
Ta-lOW  substrates. 

3.  Plasma-Arc  Spraying 

The  method  of  coating  application  which  received  the  most 
attention  was  plasma-arc  spraying.  This  relatively  simple  and  rapid  method 
(due  mainly  to  the  simplicity  of  the  binary  alloy  and  applicability  to 
plasma-arc  spraying  of  the  mixed  powders)  promised  to  provide  early  utiliza¬ 
tion  of  the  coating  system.  An  argon  carrier  cover  gas  was  utilized  to 
preclude  oxygen  and/or  nitrogen  contamination  of  the  mixed  powders  during 
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operation.  However,  as  the  operation  was  carried  out  in  the  atnosphere, 
the  sprayed  coating  analysed  approximately  5-10  percent  Hf02.  To  adequately 
test  this  method  of  fabrication,  substrate  materials  of  V  and  Ta-lOW  of 
various  configurations  were  plasma-arc  coated  with  approximately  15  mils  of 
Hf-15Ta  alloy.  The  first  of  the  specimens  so  coated  and  tested  was  a  Ta- 
lOW  tube  (Figure  XVIII-8A)  which  was  to  be  used  primarily  for  spectral 
esittance  measurements  of  hafnium  oxide.  However,  the  speckled  appearance 
of  the  coating  at  temperature  caused  by  the  porosity  of  the  plasma  sprayed 
coating  prevented  any  emittance  measurements.  The  tube  did  receive  a 
rigorous  oxidation  test,  however;  the  tube  was  thermal  cycled  between  room 
temperature  and  1960*8,  2960*8,  and  39oO*8  respectively.  Finally,  the 
coated  tube  was  static  oxidation  tested  for  5  minutes  at  4o60*8  (optically 
uncorrected).  Although  the  oxide  contamination  of  the  as-sprayed  coating 
made  it  far  from  ideal,  post-test  met alio graphic  examination  showed  the 
coating  to  be  completely  oxidized  but  well  bonded  to  the  Ta-lOW  tube  with 
no  spalling  evident  and  minor  oxygen  penetration  into  the  substrate  grain 
boundaries  (Figure  XVIII-8B). 

A  series  of  test  coupons,  .inch  x  3  inch,  (Figure  XVIII- 
9A)  were  plasma  sprayed  with  Hf-15Ta  for  a  coating  thickness  of  approxi¬ 
mately  10  mils.  Both  tungsten  and  Ta-lOW  coupons  were  used.  Although  only 
a  mechanical  bond  was  achieved  on  the  "as  sprayed"  specimens,  the  ductility 
and  ability  of  the  coating  to  deform  with  the  substrate  was  evident,  parti¬ 
cularly  with  the  Ta-lOW  substrates.  The  test  pieces  could  be  bent  through 
60  degree  arcs  7  to  9  times  before  separation  of  the  coating  and  substrate 
occurred.  This  ductility  was  still  evident  on  post-oxidation  tested  plasma 
sprayed  coupons  where  the  coating  would  still  sustain  bends  of  45  and  60 
degrees.  Attempts  to  sinter  the  plasma  sprayed  coating  on  test  coupons 
met  with  little  success  due  primarily  to  the  high  hafnium  oxide  content 
introduced  during  plasma-arc  spraying* 

Oxidation  testing  of  the  samples  was  done  by  the  oxy- 
acetylene  torch  method  and  those  samples  tested  "as  plasma-sprayed",  showed 
metallurgical  bonding  of  the  coating  and  substrate  only  at  the  impingement 
face  of  the  torch  blast.  On  the  reverse  side  of  the  coupon,  the  coating 
was  porous  and  spalled  on  deformation.  Figure  XVIII-9B  shows  the  protec¬ 
tion  and  bonding  of  the  coating  on  Ta-lOW.  The  oxidation  test  was  for  4# 
minutes  at  3960*8  (optically  uncorrected).  Figure  XVIII-10  shows  a  plasma- 
arc  sprayed  tungsten  rod  and  the  subsequent  oxidation  protection  and  bonding 
under  similar  test  parameters.  Here  also  the  coating  was  non-adherent  in 
areas  other  than  the  blast  face. 

Testing  of  both  the  slurry  coating  and  plasma  sprayed 
coating  under  actual  service  conditions  was  accomplished  under  the  Non- 
Begeneratively  Cooled  Combustion  Chamber  program  (Volume  9  of  this  report), 
utilizing  the  corrugated  combustion  chamber  concept  (Figure  XVIII-11)  under 
high  temperature  and  pressure  conditions,  the  ductile  hafnium- tantalum 
coating  appeared  well  suited  to  match  the  coating  requirements  for  the  Ta- 
lOW  chamber* 
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Coating  of  the  chamber  was  accomplished  by: 

a.  Plasaa-arc  spraying  0.013  inch  of  Hf-15Ta  coating 
onto  the  O.D.  and  1#  inch  in  froa  each  end  on  the  I.D.  Complete  spraying 
of  the  I.D.  could  not  be  accomplished  due  to  the  size  of  the  plasaa-arc 
spray  gun. 


b.  Slurry  coating  seven  inches  of  the  I.D.  center  sith 
the  Hf-Ta-Sn  slurry  to  a  thickness  of  approximately  0.013  inch,  curing  in 
an  argon  atmosphere  at  710-7&0*S  to  remove  the  carrier  liquid  gases,  and 
then  sintering  at  246o*B  for  30  minutes. 

The  coated  chamber  sas  test  fired  in  Marquardt's  SUE 
burner  facility  utilizing  a  propane-oxygen  fuel  mixture.  At  the  onset  of 
test  ignition  with  the  chamber,  bright  sparks  were  noted  in  the  exhaust 
gases.  These  sparks  were  the  result  of  erosion  of  the  high  spots  in  the 
slurry  coating  and  consisted  of  burning  particles  of  coating  constituents. 
After  approximately  3-4  minutes  of  burning  at  an  outside  wall  temperature 
of  2310*B,  the  plasaa-arc  sprayed  coating  on  the  exterior  of  the  cylinder 
began  to  spall.  After  7  minutes  of  total  burning  time  the  coating  had 
completely  spalled  off,  leaving  the  Ta-10*  substrate  exposed  to  the  air. 

The  failure  of  this  sprayed  coating  easentiall v  resulted  because  the 
coating  temperature  attained  was  insufficient  to  provide  diffusion  bonding 
and  glassing  of  the  coating.  The  thickness  and  density  of  the  as-sprayed 
coating  were  sufficient  to  prevent  oxygen  permeation  for  3-**  minutes  in  a 
low  temperature  oxidising  atmosphere.  Also,  the  mechanical  N>nd  was  of 
suf ficxent  quality  to  prevent  spalling  for  the  same  time  and  temperature 
conditions.  Following  a  general  rule  that  70  to  80  percent  of  the  melting 
temperature  of  one  of  the  constituent  metals  must  be  reached  to  provide 
the  activation  for  diffusion  bonding,  a  temperature  of  3460*R  was  necessary 
for  any  activation  of  the  hafnium  metal  in  the  coatings.  To  implement 
glassing  of  the  tantalum  phase  to  prevent  oxygen  permeation  and  densifica- 
tion  of  the  coating,  a  temperature  of  2 960-3060*B  was  necessary.  However, 
even  29&0*R  was  not  reached  rapidly  enough  and  the  coating  failed  by 
oxygen  contamination  of  the  coating-substrate  interface  and  the  spalling 
subsequently  occurred. 

A  post  firing  cross-section  analysis  of  the  cylinder 
showed  the  outside  diameter  of  the  crest  to  be  covered  with  a  white  10  ail 
scale  of  the  low  temperature  stable /Q  Ta-O-.  Under  this  was  30  mils  of 
oxygen  contaminated  substrate  (Ta  will  absorb  30  volumes  of  0,  before 
forming  an  oxide)  and  finally  at  the  inside  of  the  chamber  a  30-40  mil 
oxide  of  #5  *nd  Ta0  *  Th*  roota  of  the  hotter  than 

the  crests  and  more  exposed  to  erosion,  were  completely  oxidized.  A  thin 
scale  on  the  inside  of  the  crests  was  shown  by  X-ray  analysis  to  b %/S  Ta^O  , 

HfO^,  and  CCTa^O^,  a  high  temperature  stable  form  of  Ta^  apparently 
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stabilised  by  tbs  HfO-.  Although  this  evidence  eho«s  soss  coatiag  reaain- 
iag  os  tbs  inside,  it  was  not  sufficisnt  to  prevent  oxidation  of  ths  under¬ 
lying  Ta-lOV  substrate*  A  pbofo  of  the  tested  cylinder  following  15  ainutee 
test  tine  is  sbova  in  Figure  XVIII-12.  The  ultiaate  failure  aode  consisted 
of  a  blow  out  of  one  seetion  of  the  chaaber  crest* 

D.  Conclusions  aad  jeegageadatioas 


The  priaary  objective  of  taia  program,  the  development 
and  evaluation  of  a  protective  systea  capable  of  providing  high  teapera- 
ture  oxidation  resistance  for  tungsten  structural  components,  has  been 
achieved  from  a  sound  theoretical  basis.  The  development  of  the  Hf-Ta 
binary  systea  is  a  unique  advaaceaent  in  the  Mgh  tea*  erature  (above  3i*6o*B) 
oxidation  protection  of  refractory  substrates  such  as  tungsten  and  Ta-lOW. 
Since  the  developaeat  of  the  hafaiua- tantalus  alloy  is  a  new  concept  in 
coating  technology,  a  aajor  portion  of  the  initial  developaeat  has  neces¬ 
sarily  been  spent  in  deterainiag  and  understanding  the  basic  aetallurgical, 
cheaical,  and  physics]  properties  of  ti  <•  alloy.  Consequently,  through 
screening  aad  oxidation  testing  of  arc  melted  buttons  and  preliminary  fabri¬ 
cation  aad  oxidation  testing  of  coated  specimens,  primarily  the  feasibility 
of  the  coatiag  Material  has  been  established * 

Studies  of  the  basic  hafnium- tan talus  alloy  show: 


1*  The  material  ductile  as  coopered  to  the  brittle 
aature  of  aost  coatiag  Materials. 

2.  Impurities  of  7e,  V^,  and  0^  detract  from  the 
ductility  aad  oxidation  resistance. 

3.  Oxidation  of  the  alloy  produces  an  oxide  coating 
which  is  well  bonded  and  shock  resistant.  An  oxide 
coatiag  thickness  of  approximately  0.020  inch  is 
produced  after  10  minutes  at  A46o*R  in  an  oxy- 
acetyleae  torch  flame. 

*.  The  dense,  high  temperature  stable  fora  of  hafaiua 
oxide  is  apparently  stabilised  to  room  tesperature 
by  tantalum  oxide.  Oxidation  resistance  and  inte¬ 
grity  of  the  oxide  coating  is  dependent  on  this 
dense  fora  of  hafaiua  oxide. 

(valuation  of  the  application  of  the  alloy  as  a  coating 

shows: 

1.  Qualified  plasaa  sprayed  and  slurry  coatings  have 
been  applied  to  tungsten  aad  tantalua-10  tungsten 
substrates.  These  coatings  must  be  qualified  due 
to  their  preliminary  aature  and  the  integrity  of 
the  coatings  produced. 
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UNCLASSIFIED 


UNCLASSIFIED 


Report  25.116 


NONREGENERATIVELY  COOLED  COMBUSTION  CHAMBER 

AFTER  TEST 


UNCUSSIHED 
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